Background: Proprioceptive function can be affected after neurological injuries such as stroke. Severe and persistent proprioceptive impairments may be associated with a poor functional recovery after stroke. To better understand their role in the recovery process, and to improve diagnostics, prognostics, and the design of therapeutic interventions, it is essential to quantify proprioceptive deficits accurately and sensitively. However, current clinical assessments lack sensitivity due to ordinal scales and suffer from poor reliability and ceiling effects. Robotic technology offers new possibilities to address some of these limitations. Nevertheless, it is important to investigate the psychometric and clinimetric properties of technology-assisted assessments. Methods: We present an automated robot-assisted assessment of proprioception at the level of the metacarpophalangeal joint, and evaluate its reliability, validity, and clinical feasibility in a study with 23 participants with stroke and an age-matched group of 29 neurologically intact controls. The assessment uses a two-alternative forced choice paradigm and an adaptive sampling procedure to identify objectively the difference threshold of angular joint position. Results: Results revealed a good reliability (ICC(2,1) = 0.73) for assessing proprioception of the impaired hand of participants with stroke. Assessments showed similar task execution characteristics (e.g., number of trials and duration per trial) between participants with stroke and controls and a short administration time of approximately 12 min. A difference in proprioceptive function could be found between participants with a right hemisphere stroke and control subjects (p < 0.001). Furthermore, we observed larger proprioceptive deficits in participants with a right hemisphere stroke compared to a left hemisphere stroke (p = 0.028), despite the exclusion of participants with neglect. No meaningful correlation could be established with clinical scales for different modalities of somatosensation. We hypothesize that this is due to their low resolution and ceiling effects.
Background
Proprioception is of great importance for the control of fine and coordinated movements of the upper limb [1] [2] [3] [4] , and thus for activities of daily living [5] [6] [7] [8] [9] . Neurological injuries can affect proprioceptive function, and despite highly variable prevalence reported in the literature, it is estimated that about half of stroke patients suffer from impaired proprioception [10] [11] [12] [13] [14] [15] . As there is growing evidence that somatosensory impairment leads to a poor prognosis for post-stroke functional recovery in patients with severe and persistent somatosensory dysfunction [16] [17] [18] [19] , proprioception in stroke patients has been receiving increased attention. Furthermore, proprioception has been shown to be a relevant predictor for the level of independence patients achieve at discharge [20, 21] .
In order to investigate and better understand the role of proprioception in the recovery of neurological patients, for diagnosis as well as the design of therapeutic approaches, accurate and sensitive assessments are essential. Only very few assessments for proprioception are clinically used (e.g., up-down test [22, 23] , dual joint position test [24] , positional mimicry and finger finding [22, 25] ), as, in contrast to other approaches, they are quick and easy to administer in a clinical setting. Unfortunately, these assessments are known to be highly subjective, use dichotomous or ordinal scales, and suffer from large variability due to the lack of standardized protocols and manual administration. This results in low inter-rater reliability, as well as ceiling effects [22, 26, 27] . Thus, they may be suitable for screening patients but not for assessing functional improvements [28] . According to the results of a cross-sectional survey, more than 50% of a sample of 172 occupational and physiotherapists agreed that current methods to assess somatosensory deficits should be improved [29] , and assessments with finer degrees of movement (i.e., better controlled movements and finer grading) are required [30] .
More quantitative approaches have been proposed, for example using simple apparatuses still requiring manual intervention of the examiner (e.g., using protractor scales [31] [32] [33] [34] or objects to discriminate by grasping [35] ). Furthermore, a large number of robotic approaches taking advantage of today's actuation, control and sensing technology for better stimulus control [36] and using different assessment paradigms have been developed (e.g., matching and movement reproduction methods [14, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] , detection of passive motion [51] [52] [53] or perturbations [54] [55] [56] , as well as difference threshold assessments [57] [58] [59] ). An essential step when developing a new assessment is the evaluation of its psychometric and clinimetric properties (e.g., reliability, validity, sensitivity, feasibility, and clinical utility) and its potential confounds. To increase clinical acceptance, set-up and testing time, as well as the complexity and cost of the robotic devices should be reduced as much as possible. While some of these properties have been evaluated for matching and perturbation assessments, mostly targeting proximal joints such as shoulder and elbow (e.g., [38, 54, 60] ), assessments estimating proprioceptive difference thresholds at finger joints have not been sufficiently optimized and evaluated so far.
The aim of our work is to investigate the reliability, feasibility, and validity of an existing robot-assisted assessment providing a quantitative outcome measure of the metacarpophalangeal (MCP) joint proprioception on a ratio scale [58] in participants with stroke and in an agematched group of neurologically intact controls (NIC). The assessment is based on an objective two-interval two-alternative forced choice (2AFC) paradigm [61] and Parameter Estimation by Sequential Testing (PEST) [62] , an adaptive sampling procedure used to determine perception thresholds. We examine the test-retest reliability for the impaired and unimpaired hands in participants with stroke, and evaluate the clinical feasibility and usability by investigating different task execution properties, such as duration, number of trials by comparing participants with stroke to NIC subjects, and confounds such as memory and inattention. We acknowledge that the terms inattention and neglect are often used interchangeably in the clinical realm. In the present manuscript we defer to how the term "inattention" is used in psychophysical testing and where it represents a time period of distraction from the task. Further, we use the term neglect to represent the common condition that occurs post-stroke and is characterized by a reduced sensory awareness of the side of the body and environment contralateral to the lesion. As a subanalysis, the differences between perception thresholds of participants with left hemisphere stroke (LHS), participants with right hemisphere stroke (RHS), and NIC subjects, and between both hands within participants with stroke (ipsilesional versus contralesional) and NIC subjects (dominant versus nondominant) are compared (construct validity). Based on findings from other studies [14, 47, 63] , we hypothesize that participants with stroke will have decreased proprioceptive performance compared to NIC subjects, and that the proportion of more severely affected participants with stroke may be larger in the RHS group than in the LHS group. Such findings could be related to existing evidence for a non-preferred arm advantage for proprioceptive feedback processing in neurologically intact subjects [40, 42, [64] [65] [66] [67] . Furthermore, the robotic outcome measure is correlated to different clinical scales for somatosensation (concurrent validity). This study further discusses the potential of this assessment of proprioceptive deficits in participants with stroke for successful integration and use in a clinical setting.
Methods

Subjects
Twenty-three participants with stroke were recruited and enrolled in this study. They had to be > 2 weeks after their first clinical stroke (without an upper limit on poststroke weeks). Participants with stroke were recruited on a patient-by-patient basis among the patients receiving an inpatient neurological rehabilitation at the Kliniken Schmieder Allensbach, Germany. Exclusion criteria for the participants with stroke were inability to detect any manually applied large passive finger movements. Other exclusion criteria regarding somatosensory deficits were not defined in this exploratory study to have a heterogeneous sample population with potentially a wide range of levels of proprioceptive deficits. Additional exclusion criteria were severe hand edema, high muscle toneparticularly in the flexor digitorum superficialis muscle and the flexor digitorum profundus muscle-evaluated with the Modified Ashworth Scale [68] , or pain preventing the use of the robotic assessment tool, severe cognitive impairment, aphasia, and neglect. If participants with stroke had difficulties with understanding the goal of the study and the instructions, the Montreal Cognitive Assessment (MoCA) [69] was performed as a screening cognitive exam. In case of a value below 26 points on the MoCA scale, the participant was excluded. The presence of neglect symptoms was assessed by clinical observation. In case neglect was suspected, the Bells Test [70] was performed. Twenty-nine neurologically intact control (NIC) subjects within the same age range served as a control group. Only self-reported right handed subjects were included to avoid a handedness confound when comparing proprioceptive performance between the dominant and non-dominant hands in participants with LHS and RHS. Handedness was assessed with the Edinburgh Handedness Inventory (left handed: score < −40, right handed: score > 40, ambidextrous otherwise) [71] . Participants with stroke were asked to evaluate their post-stroke handedness retrospectively. The study was approved by the institutional ethics committee of the University of Konstanz. All subjects gave signed, written informed consent in accordance with the Declaration of Helsinki before participating in the experiment.
Robotic assessment of proprioception Apparatus
The improved version of the Robotic Sensory Trainer was used in this study [58] (Fig. 1) to assess the proprioceptive difference threshold or limen (DL) in joint angle position of the MCP joint of the index finger. This robotic tool can provide well-controlled, passive MCP joint angle displacements in flexion and extension ( Fig. 1a and b) . The finger is inserted and attached to a sliding finger carriage mounted on a remote-center-of-motion mechanism allowing for a biomechanically correct movement around the MCP joint when the joint location is aligned with the prolongation of the black arrow on the device (Fig. 1a) . The hand and forearm of the subject can be strapped to an adjustable support structure using Velcro bands, in an attempt to maximize comfort in any pathological hand and arm posture required by the tested subject. The flexion and extension displacements are controlled by software (LabVIEW, National Instruments, Austin, TX, USA) running on an all-in-one touchscreen computer covering the tested hand (Fig. 1c) . The program not only runs the psychophysical protocol but also provides a subject interface on which the feedback (i.e., subject's responses after each trial) can be provided.
Adaptive psychophysical procedure
A two-interval, 2AFC paradigm [61] in combination with the logarithmic version of the adaptive stimulus placement method PEST [62] were used as proposed and previously tested in a pilot study [58] . 2AFC should lead to more objective, sensitive and almost bias-free threshold estimates [61, 72] . PEST was selected among different stimulus placement methods due to its fast adaptation over a wide range of stimuli values resulting in an efficient assessment, which converges rapidly towards the desired threshold [58] . Each trial consisted of two consecutive passive index finger movements to different MCP joint flexion angles applied by the robotic apparatus. Each movement sequence (i.e., interval) started at a horizontal finger position (referred to as rest position) as depicted in Fig. 1a . Each flexion movement lasted 1 s and the finger was kept at the MCP flexion angle for 1.5 s before moving back to resting position. Each movement followed a natural minimum jerk trajectory [73] . After the two intervals, the subject was asked to indicate on the touchscreen (Fig. 1c) which of the two angular movements was perceived as larger (2AFC paradigm).
The angular difference (referred to as stimulus level x) between the two presented angles of one trial was always defined as positive and determined by the PEST algorithm [62] taking past responses into account. The two angles were symmetrically arranged around a reference angle of 20°MCP flexion and presented in randomized order. The range of x was limited to flexion movements and, by the mechanical constraints of the device, to [0°, 40°]. As starting parameters of the PEST algorithm, a start level x 0 and a start step of 5.5°and 2°, respectively, were chosen. The other PEST parameters W = 1 and P t = 0.75 were chosen for the Wald sequential likelihood-ratio test [74] leading to a convergence towards 75% correct responses. This set of parameters was successfully tested in a previous pilot study with young NIC subjects [58] . The robotic assessment was terminated as soon as one of the three termination conditions were fulfilled: (i) minimum step of ±0.1 • , (ii) 20 consecutive trials at same level, or (iii) a maximum number of trials defined in the experimental protocol reached.
Primary outcome measure: difference limen estimation
In theory, PEST should directly provide the difference limen (DL, in the literature sometimes also referred to as difference threshold or just-noticeable difference) by convergence. According to the original concept, the level (at which no trials are actually run) called for by the last small step can be used as the threshold estimate [62] . However, depending on the choice of termination criteria and parameters, it can occur that PEST does not converge within the given number of maximum trials. Furthermore, it is possible that periods of lack of attention towards the end of the assessment may lead to partial divergence from the threshold, resulting in poorer estimates. These issues can be partly addressed by using hybrid procedures: determining the test levels with the PEST algorithm and estimating the final threshold estimate from a parametrized psychometric function fitted on the data of the entire PEST sequence [75] . It could be shown in our previous work that the DL at the MCP joint estimated by this fitting method strongly correlated with the converged values provided by PEST [58] with the advantage of being more robust and providing also reasonable estimates in the above mentioned cases.
Loss of attention during psychophysical assessments, in particular in those using two-interval 2AFC, can be a confound leading to considerable bias, due to altered perception, especially as attention deficits are likely to be present in the stroke population [76, 77] . To address this issue, a method was developed allowing to identify the onset and end of sustained inattention periods in PEST sequences, to exclude this interval of biased data before fitting the psychometric function and calculating the outcome measure [78] . This method can significantly reduce estimation errors by up to around 75%, even in sequences of less than 100 trials, as demonstrated in computer simulations and tested on behavioral data [78] . Thus, before estimating the DL in the present study, this method was applied post-hoc to each recorded PEST sequence.
In the present work, the following sigmoidal psychometric function ψ(x) was fitted to the proportion of correct responses at stimulus levels x using a Maximum Likelihood criterion [79] :
In this work, the generic sigmoid function F(x; α, β) of the equation above corresponded to a cumulative Gaussian function F Gauss (x; μ, σ ). The parameter μ corresponds to the inflection point of ψ(x) and σ is inversely proportional to the slope at the inflection point. According to the 2AFC paradigm, the guessing rate γ was set to 0.5. The lapse rate λ (taking into account stimulusindependent errors also referred to as lapses) was allowed to vary within [0, 0.1], in order to reduce estimation bias [80] . Since the inflection point μ depends on the lapse rate λ, the DL was defined as outcome measure at
Clinical assessments
Proprioceptive function was assessed based on the updown test described by [22] . The distal phalanx of the index finger was moved up or down, 5 times each, in random order. Participants with stroke reported the direction of the movement verbally in absence of vision of the tested finger. The final score (0-10) consisted of the number or correctly identified movement directions.
In addition, other somatosensory modalities were tested. Topesthesia (localization of touch) was tested by manually stroking the dorsal side of the fingers (2x per finger, random order). The outcome measure was the number of correctly identified fingers (0-10). Von Frey hairs (OptiHair 2 , MARSTOCKnervtest, Schriesheim, Germany) were used to assess the absolute tactile perception threshold on the fingertip of the index finger. The score was computed by taking the geometric mean of the reverse values (5 suprathreshold and 5 subthreshold) of the descending staircase according to [81] , on a scale from 1 (0.25 mN) to 12 (512 mN). Pallesthesia (sensation of mechanical vibration) was assessed using a 64 Hz, graduated Rydel-Seiffer tuning fork (Martin, Tuttlingen, Germany) [82] on the MCP joint of the index finger. The sensibility was scored from 0-8 in steps of one with 0 corresponding to no sensation at all. Stereognosis (ability to recognize objects by using only tactile information) was assessed with the subscale of the Nottingham Sensory Assessment [22] . The outcome was the number of correctly identified objects (0-10).
Attention and working memory were assessed using the backward recitation condition of the Digit Span subtest of the Wechsler Adult Intelligence Scale -Third Edition (WAIS -III) [83] , where participants with stroke were asked to recite an auditorily presented series of digits backwards. Two trials with random numbers were consecutively performed for each digit span (2-6 numbers, in increasing order). The total score consisted of the total number of correctly recited digit spans ranging from 0-12.
Experimental protocol
Both, participants with stroke and NIC subjects performed the robotic proprioception assessment of both hands (randomized order) in one session. For the participants with stroke, the maximum number of trials for the PEST algorithm was set to 60 trials, which should correspond to an assessment duration of around 15 min according to a pilot study in young NIC subjects [58] . This number of trials was selected to allow a future integration of the assessment into clinical routine, and because longer assessments could be too strenuous for participants with stroke due to the cognitive demand (e.g. attention to the task). As these points were less critical for NIC subjects, the maximum number of PEST trials was set to 120 trials. This allowed evaluating the appropriateness of the chosen parameters of the PEST procedure. To investigate test-retest reliability, the robotic test was conducted in participants with stroke in a second session not more than 4 days after the first session. For a subset of 10 of the 23 recruited participants with stroke, clinical assessments (of both hands where applicable) were performed in a separate session by a different therapist. The therapists were blinded to the outcomes of the other assessments. No clinical assessments were conducted in NIC subjects due to ceiling effects. All assessments took place at the Kliniken Schmieder Allensbach, Germany.
Data analysis
To evaluate the test-retest reliability (in participants with stroke), the intraclass correlation coefficient ICC(2, 1) (two-way layout with random effects for absolute agreement) [84] , as well as its 95% confidence interval (CI), standard error of measurement SEM, and smallest real difference SRD (sometimes referred to as minimal detectable change MDC) were computed according to [85] and [86] . Systematic bias was analyzed by calculating the mean differenced between the two test occasions and its 95% CI, and by visualization in a Bland-Altman plot [85] . The reliability analysis was performed separately for the impaired and unimpaired hand.
To compare the outcome measures of NIC subjects to participants with stroke and to create models of neurologically intact performance, the PEST sequences of the NIC subjects were truncated to 60 trials to be of same length as for the participants with stroke. Furthermore, outliers in the NIC group were identified according to Tukey's rule and excluded from all statistical analysis.
Outcome measures from the robotic assessment were compared between the left and right hand of NIC subjects (paired test), between the impaired hand of the participants with stroke and the corresponding hand in NIC subjects (two unpaired tests for LHS and RHS), and between the unimpaired hand of the participants with stroke and the corresponding hand in NIC subjects (two unpaired tests for LHS and RHS). For participants with stroke, the average of both test and retest outcomes was used. Two-sample t-tests or Wilcoxon rank sum tests, respectively paired-sample t-tests or paired Wilcoxon signed rank tests, were conducted depending on whether data (or their differences for paired testing) were normally distributed or not. Normality was tested with the Shapiro-Wilk or the Shapiro-Francia test, depending on the kurtosis. To correct for multiple comparisons, a Šidák-correction was used. To compare the effect of a LHS versus a RHS on proprioceptive function of the impaired hand (as well as unimpaired hand), their differences to NIC baseline of the corresponding hand were compared in an unpaired test. As NIC baseline the median was used, as the distributions of the left and right DL in NIC subjects were not both normally distributed. Again, the test-retest average was used for the participants with stroke.
Subjects in this study were not age-matched on an individual basis but on a group level by including subjects within the same age range. In return, the sample size of NIC subjects was chosen to be larger, which should improve the estimated distribution of DLs for the same age range. To model neurologically intact performance in elderly, log-normal (semi-infinite positive support) probability density functions were fitted on the DL data of NIC subjects for the right (dominant) and left (nondominant) hand separately. The 95th percentile was used to characterize impairment in participants with stroke. The CI for the 95th percentile cutoff were calculated by bootstrapping.
The trial duration of the robotic assessment was compared between impaired and unimpaired hands of participants with stroke (averaged test-retest, paired-sample t-test or paired Wilcoxon signed rank test, depending on normality of the paired differences), and between NIC subjects (mean of both hands for each subject) and the impaired, respectively unimpaired hand of participants with stroke (averaged test-retest, two-sample t-test or Wilcoxon rank sum test, depending on normality of the two distributions). The Šidák-correction method was used to correct for multiple comparisons.
Spearman's rank-order correlations were calculated for the impaired hand between the DL (test-retest average) and the outcome measures of the clinical scales (i.e., updown, localization, Von Frey hair, vibration, stereognosis, working memory). As the up-down test also measures proprioception, the correlation with the robotic assessment could be regarded as a test for concurrent validity. The clinical scores for the impaired hand and the working memory test were also compared between the participants with RHS and LHS with two-sample t-tests and Wilcoxon rank sum tests, respectively.
The influence of sex on the proprioceptive outcome measures was tested by separately comparing the robotic outcome measures for the dominant as well as the nondominant hand in male versus female NIC subjects, and for the impaired as well as the unimpaired hand in participants with stroke (two-sample t-test or Wilcoxon rank sum test, depending on normality of the distributions).
Significance levels were set to α = 0.05. Probability values p < 0.05 and p < 0.01 are marked as * and **. Descriptive statistics are reported as mean ± SD, unless otherwise stated. For non-parametric statistics the median and interquartile range (IQR) was reported. All statistical analyses were performed in MATLAB R2014a (MathWorks, Natick, MA, USA).
Results
Twenty-one participants with stroke completed the two sessions of robotic assessments, and two participants with stroke dropped out of the study (P1 was not able to perceive any movements applied by the robotic device, and P6 prematurely quit the study). As reported by the therapist conducting the robotic assessments, one of the 21 participants with stroke (P13) was not able to correctly follow the task instructions and showed severe concentration problems. Therefore, this participant was excluded from all statistical analyses. Of the 20 participants with stroke (65.9 ± 8.3 years, range: [55, 79] years, 12 male, 8 female, pre-stroke handedness: 18 right handed, 2 ambidextrous), 10 suffered from a LHS and 10 from a RHS. Participants with stroke were 43.7 ± 118.8 weeks post lesion (range: [4, 517] weeks). For one chronic participant with stroke (P17) only the year but not the exact lesion date was known. Average number of days between the test and retest of the robotic assessment in participants with stroke was 2 ± 1 days (range: [1, 4] days), and between the clinical assessment and the first robotic assessment was 4 ± 4 days (range: [0, 13] days). The demographics of all the 23 recruited participants with stroke can be found in Table 1 . One of the 29 NIC subjects was excluded according to Tukey's rule. The average age of the remaining 28 NIC subjects (13 male, 15 female, all right handed) was 63.2 ± 6.6 years (range: [55, 80] 
years).
The outcomes of the robotic assessment for all groups (NIC, LHS, and RHS) are illustrated for both hands in Fig. 2 . Performance of NIC subjects in the robotic proprioception assessment averaged at 1. One participant with stroke (P13) was excluded due to inability to concentrate and follow the task instructions correctly. For participant P17 only the lesion year was known. Abbreviations: D dropout, E excluded, M male, F female, R right handed, A ambidextrous, RHS right hemisphere stroke, LHS left hemisphere stroke, ACA anterior cerebral artery, ICH intracerebral hemorrhage, MCA middle cerebral artery, PCA posterior cerebral artery, SAH subarachnoid hemorrhage cutoff value for 1 participant. Based on a single assessment, 2 (test), respectively 1 (retest), additional participants with stroke would have been considered as impaired. In 5 participants with RHS both test and retest assessments of the impaired (left) hand were above the cutoff value. For the DL of the right hand, this was the case for 1 participant with LHS (impaired hand). The average DLs of the unimpaired (right) hand were above the cutoff in 3 participants with RHS. In one of these participants only the result of one assessment (test) would be considered as impaired. Based on a single assessment, 1 (retest) additional participant with stroke would have been considered as impaired. In 2 participants with RHS both impaired and unimpaired hands were above the 95th percentile.
The values of test-retest reliability for the impaired and unimpaired hand were 0.73 and 0.16, respectively. The detailed descriptive statistics for the DL of the test and retest, reliability, SEM characterizing the measurement variability, and SRD for evaluating changes are summarized in Table 2 .
There were no systematic biases between test and retest, as can be seen byd and its 95% CI in the Bland-Altman plot (Fig. 3) .
The average number of trials, convergence rate of the PEST algorithm, duration of the assessment, and duration per trial are reported in Table 3 . There was no statistically significant difference for the duration per trial between assessments of the impaired and unimpaired hand in participants with stroke (Z = 1.6, p = 0.272), nor between assessments in NIC subjects and the impaired (Z = 0.4, p = 0.963) or unimpaired (Z = 1.4, p = 0.416) hand of participants with stroke, respectively. The inattention detection rate (percentage of cases) based on the psychophysical data and resulting number of excluded trials (around one third of the trials in participants with Fig. 2 Comparison of the difference limen (DL) of both hands in neurologically intact control (NIC) subjects, participants with left hemisphere stroke (LHS) and right hemisphere stroke (RHS). For the patients, test and retest were averaged for a better DL estimate. The dashed bracket indicates that the statistical test was conducted on baseline-removed data (i.e., using the median for the corresponding hand of the NIC) stroke and one sixth in NIC subjects) are also summarized in Table 3 .
All Spearman's rank-order correlations between the robotic outcome measure and the clinical scales were weak to fair and not statistically significant (see Table 4 ). Many clinical assessments showed either floor or ceiling effects, with up to 90% of the data. In particular, in the updown test, which is the most relevant of the clinical scales as it measures proprioception, all except one participant with stroke reached the highest possible score showing no proprioceptive deficits. Statistical tests did not show any 
Discussion
The aim of this study was to evaluate the psychometric and clinimetric properties (reliability, validity, and clinical feasibility and usability) of a robot-assisted assessment of MCP proprioception, using a 2AFC approach and the adaptive sampling procedure PEST providing the angular joint position DL, in a stroke population. The study demonstrated a good reliability for the contralesional hand in participants with stroke, a difference in proprioceptive function between participants with stroke ummary of the reliability analysis for the outcome measure of the robotic assessment (i.e., difference limen (DL)) of the impaired and unimpaired hand, respectively. Reported are descriptive statistics for the DL for both test and retest, reliability (ICC(2, 1) and its 95% CI), standard error of measurement (SEM), and smallest real difference (SRD) Summary of the properties of the PEST sequences, as well as percentage of cases where sustained inattention (distraction from the task) was detected (according to [78] ) and resulting number of excluded trials, for participants with stroke (impaired and unimpaired hand) and neurologically intact controls (NIC). For trial-and duration-related results, test and retest were averaged for each participant with stroke, whereas in the case of NIC subjects their left and right hand were averaged. For the results regarding inattention, test and retest were pooled for the participants with stroke, and left and right hand were pooled for the NIC subjects. The values in parentheses correspond to the percentage of cases where sustained inattention was detected and resulting number of excluded trials after truncating the sequences to a maximum of 60 trials
and NIC subjects, and that participants with RHS may be more affected compared to participants with LHS. Only weak correlations between the robotic outcome measure and clinical scales were obtained, among others due to ceiling effects of the latter. The assessment duration of around 12 min, demonstrated high feasibility of the assessment in an impaired population.
Test-retest reliability
According to general reliability recommendations (excellent: > 0.75, fair to good: 0.4-0.75, poor: < 0.4) [87] , the intraclass correlation analysis revealed a good reliability for the impaired hand in participants with stroke and a poor reliability for the unimpaired hand. The poor reliability for the unimpaired limb may result from the distribution of data, with LHS and RHS having more similar means and LHS and RHS combined having a smaller IQR compared to the impaired side, as inter-subject variability has an influence on reliability [88] . Therefore, we can recommend to use the proposed assessment as a reliable tool for the impaired, contralesional hand of stroke patients. Studies evaluating other assessment approaches using various matching paradigms for different upper limb joints [14, 31, 32, 34, 35, 38, 41, 50, 54, 56, 60] or similar joint position DL estimation methods [34, 59] reported coefficients of reliability ranging from fair to excellent for most outcome measures. However, it is difficult to compare results, as other approaches may measure different aspects of proprioception, or because some studies investigated the reliability in NIC subjects instead of in the target population, which may lead to non-representative results, due to different interand intra-subject variabilities [88] . Several studies also used inappropriate time intervals between the test and retest (e.g., right after each other without a time interval long enough to prevent recall bias) or suboptimal methods for calculating reliability. In comparison to robotic approaches, the kinaesthetic subscales of the Nottingham Sensory Assessment (finger finding, positional mimicry, and up-down test) have a poor inter-rater agreement (Cohen's κ from 0.26 to 0.39) for the hand [22, 26] . This may originate among others from the nature of the manually applied stimuli which are not well-controlled (e.g., amplitude of movement) and thus may vary across raters.
The Bland-Altman plot showed that there was no systematic bias from test to retest. However, it revealed two outlier data points for the unimpaired hand according Tukey's outlier test (difference of test-retest > 4.08°o r < −4.41°). Visual inspection of the PEST sequences showed that for both outliers in one of their two testretest sequences there was a period of divergence from the threshold, possibly due to inattention (i.e., distraction from the task), which failed to be detected by the inattention detection algorithm [78] . Removing these two outliers from the reliability analysis improved the reliability for the assessment of the unimpaired hand and resulted in a fair reliability (ICC(2, 1) [ CI]: r = 0.41 [ 0.00, 0.73]). It should be noted that the ICC(2, 1) is very sensitive and directly depends on the intra-and inter-subject variability. As a matter of fact, removing participants with stroke P8 with an average DL of 9.33°(test: 8.70°, retest: 9.97°) for . This shows that reporting the CI for the reliability is also important. Indeed, the reliability without P8 still remains within the CI reported in Table 2 . By including also sub-acute participants with stroke in a future cross-sectional study with a larger sample size, we would expect more participants with stroke with high DLs, confirming a good test-retest reliability.
Construct validity and proprioceptive consequences of stroke
Hypothesis-based comparisons between NIC subjects and participants with stroke, as well as between participants with RHS and LHS could give some indication of validity of the assessment (i.e., construct validity). As a matter of fact, the robotic assessments of proprioception of the present study revealed worse proprioception (around 2.3 times larger DL) in the impaired (left) hand of the RHS group compared to NIC subjects. This is comparable to the results showing a fingertip position DL (flexion-extension) three times larger in participants with stroke compared to the control group when using a SameDifferent paradigm [89] . The existence of post-stroke proprioceptive deficits could also be established with various matching studies [14, 31, 47, 90] and studies using other types of proprioceptive measures [54] . While one would also expect the impaired (right) hand of participants with LHS to have a significantly larger DL, this was not the case in our study. When modeling NIC performance, half of the 10 participants with RHS were above the 95th percentile of NIC performance, compared to one out of 10 participants with LHS. This can be due to various reasons. Since this was an exploratory study including participants with stroke suffering from different levels of impairment, some of the included participants with stroke may not have presented important proprioceptive deficits, resulting in a reduced difference between the NIC and stroke groups. The high rate of ceiling effects in the clinical scales (e.g., in the up-down test) would support this hypothesis. Other reasons could be the inclusion of participants with stoke within a broad range of time after stroke, as proprioceptive impairments after stroke can reduce with time [91] , lack of sub-acute participants with stroke, and the exclusion of participants with stroke who were not able to detect any manually applied large passive finger movements, which reduces the reported prevalence of proprioceptive deficits. Another hypothesis for this RHS/LHS difference could be that in the right handed participants with RHS, the nondominant (left) hand is impaired which could potentially suffer more from non-use, compared to the dominant (right) hand which is affected in right handed participants with LHS.
Another reason for more severe proprioceptive deficits in participants with RHS could be the higher ratio of participants with RHS with a cortical stroke when compared to participants with LHS. This could potentially explain a minor neglect or somatosensory deficit in participants with RHS. It is possible that with the screening procedure for neglect some participants with stroke with minor or declining neglect might have also been included in the study. Furthermore, cortical LHS may lead more often to aphasia [92] , which could also explain the smaller ratio of participants with LHS with a cortical stroke, as aphasia is an exclusion criterion. When inspecting the stroke type and location, it can be noticed that participants who suffered from ischemia or infarction of the MCA (middle cerebral artery) or in the MCA-territory tend to have among the highest DLs for the impaired hand. All participants with RHS among these fall beyond the 95th percentile of healthy performance. This could be explained by the fact that the majority of the somatosensory cortex is supplied by the MCA [93] . Participants with only partial infarctions of the MCA or in the MCA-territory did not present such high DLs.
While there are several studies with NIC subjects [43, 48, 64, 66, 67] suggesting a left arm/right hemisphere advantage for the processing of proprioceptive inputs in right handed subjects and vice versa for left handed subjects [48, 67] , no statistical significant dominance in proprioceptive performance could be shown for the nondominant hand in NIC subjects of the present study. However, as the values for the mean as well as the median DL were lower for the non-dominant limb, the results tend to support this evidence. This proprioceptive dominance of the non-dominant limb may be attributed to an imbalance of body side representations in the different hemispheres, which, in case of a stroke, could lead to an asymmetric incidence of proprioceptive deficits [94] and more severe proprioceptive deficits when the non-dominant limb is affected. For this reason, when comparing between the performance of the impaired limbs of participants with LHS and RHS in this study, the trend for better proprioception of the non-dominant limb was accounted for by removing the baseline (i.e., the median for the corresponding hand of the NIC). Indeed, our study revealed a significant difference between the impaired limbs of participants with LHS and RHS (all right handed with two exceptions being ambidextrous), the latter showing more severe proprioceptive deficits in accordance to our hypothesis. These findings are in line with other studies showing similar tendencies in different proprioceptive outcome measures in stroke patients [14, 47, 63] , and thus may endorse the validity of this assessment.
Our study also showed that the unimpaired hand can be affected after stroke: The group analysis revealed a significant difference for the unimpaired (left) hand of participants with LHS, and three of the participants with RHS had DLs larger than the 95th percentiles of the corresponding hand in NIC subjects. The first could be explained by the fact that LHS subjects had similar medians for both hands, but the NIC subjects showed a trend towards better proprioception in the left hand. In contrast to the impaired hand, no significant difference was found between participants with LHS and RHS for the unimpaired hand. However, there were more participants with RHS with DLs above the 95th percentile compared to participants with LHS. This is in line with the aforementioned hemispheric dominance for proprioception and with existing evidence revealing deficits in the "unimpaired" ipsilesional limb after unilateral cortical lesions [95] [96] [97] . Thus, it would be more correct to refer to this limb as "less affected" instead of "unimpaired". As a consequence, proprioceptive performance of the impaired hand and its recovery progress throughout therapy should be compared to the NIC population instead of to the ipsilesional limb of the participant with stroke.
Concurrent validity
From all correlations with clinical scales, the best correlation was found between the proprioceptive DL provided by the robotic assessment and the clinical outcome measure of the proprioceptive up-down test. However, since a ceiling effect occurred on the up-down test for all but one participants with stroke (9/10 participants with stroke scored the maximum points), the correlation for this clinical scale should not be over-interpreted. Correlations with all other clinical assessments (not directly targeting proprioception) were also weak to fair. Thus, no concurrent validity could be established by correlating the robotic outcome measure with the clinical scales. This clearly demonstrates the limitations of clinical assessments, unable to sensitively quantify and differentiate proprioceptive deficits, and points out the need for finer-graded proprioceptive assessments as gold standards [30] -a need also identified by therapists [29] . As a consequence of these results, it is not surprising that when comparing the clinical scores between participants with RHS and LHS, no statistically significant differences could be found.
Similar as for the construct validity, the concurrent validity analysis would benefit from the inclusion of sub-acute participants with stroke with more severe proprioceptive deficits. In a future study, different sensitive outcome measures of robotic proprioception assessments using different paradigms but assessing the same proprioceptive aspects could be correlated to circumvent the common problem of coarse clinical scales and further investigate concurrent validity.
Clinical feasibility and confounds: duration, number of trials, inattention, and memory
The similarity of unconstrained trial duration (i.e., without time limit) between participants with stroke and NIC subjects proves the feasibility of the assessment concept and response interface in participants with stroke (independently of whether the contralesional or ipsilesional hand was tested). The convergence of PEST (around trial 65 in NIC subjects) shows that a maximum number of 60 trials and other termination criteria for PEST are adequately chosen for a clinical application in patients. Since the DL estimate is based on the fit of the psychometric function using data from the full sequence, it is not imperative to obtain convergence of the PEST algorithm to compute the outcome measure. Around 60 PEST trials requiring in total less than 15 min is a good compromise between precision and accuracy of the outcome measures and clinical feasibility, as assessments should be quick to administer [29, 98] .
While there exist some position matching assessments which are reported to be more rapid (e.g., [14, 50] ), the duration of the assessment should be put into relation with the information content of the outcome measures and the reliability of the assessment. Nevertheless, the present assessment is relatively quick to administer, comparable to recently developed perturbation detection assessments taking 10-15 min [55, 56] and much faster than other assessments using a 2AFC paradigm requiring around 45 min [59] .
The results with NIC subjects in Table 3 show that periods of inattention to the task are more frequent in a longer assessment, resulting in the potential collection of biased data and unreliable estimates of proprioception. However, despite the reduction of the assessment time, NIC subjects and participants with stroke still showed periods of inattention. Moreover, the prevalence of inattention was higher in participants with stroke, which is in line with the literature [76, 77] . The inattention confound could be addressed successfully by using the inattention detection algorithm [78] . This is also reflected in the reliability: When not using the algorithm to reduce the introduced bias from inattention to the task, the reliability decreases (ICC (2, 1) [ CI]: r = 0.63 [ 0.28, 0.84], for the impaired hand). Furthermore, differences between NIC subjects and participants with stroke (partially due to the inattention confound) would increase and could lead to misleading interpretation. Thus, the results presented here (i.e., when using the inattention detection algorithm) are more conservative and should more accurately represent differences in proprioception.
The lack of correlation between the robotic outcome measures and the working memory test, as well as the Bland-Altman analysis and a previously conducted mixed-effects-model on 30 elderly NIC subjects [99] demonstrate the robustness of the assessment against memory, learning, and fatigue confounds, as there were no systematic biases originating from multiple measurements, number of trials, or order of hands assessed.
Robot-assisted assessment paradigm
Using the 2AFC paradigm with passively presented proprioceptive stimuli makes the proposed method a purely proprioceptive assessment independent of motor function, in contrast to most ipsi-or contralateral matching assessments. Furthermore, it relies neither on interhemispheric transfer for the comparison of stimuli nor on the sensorimotor function of the ipsilesional "unimpaired" limb, which is an advantage, as the central integration of proprioceptive information across the limbs and the ipsilesional limb may also be affected by a cerebral lesion [96, 100] , as also found in the present study. This paradigm for the assessment of single-joint proprioception also allows the use of more cost-effective and simpler robotic devices with only one actuated degree-of-freedom, in contrast to sophisticated robotic multi-limb devices or actuated planar end-effector platforms (e.g., [101, 102] ) used for other types of proprioceptive assessments [14, 54] . Furthermore, there exists some evidence that after stroke there is a high agreement of somatosensory deficits in neighboring body parts [103] , which could render the assessment of multiple joints redundant in many cases.
Compared to other psychophysical paradigms (e.g., YesNo or Same-Different), 2AFC is more robust against decision criteria (i.e., response bias) [61, 72] , is suggested to help directing the subject's attention to the task [95] , and allows measurements of sensitivity to smaller thresholds [61] . In addition, PEST can adapt and converge over a wide range of angle differences without prior knowledge about the subject's DL, while converging rapidly towards the DL. This leads to shorter assessments with data points covering the regions of interest of the psychometric function.
Presenting passive movements with different amplitudes but same trajectory duration leads to varying peak velocity. Therefore, the subject may partly not only rely on the perception of angular joint position but also movement velocity. This is preferable to a time confound, as primary endings of muscle spindles respond both to the length change and rate of length change of the muscle [104] . As a consequence, the proposed robotic assessment remains a purely proprioceptive test and assesses both subparts of proprioception: limb position sense (sense of stationary position) and kinaesthesia (sense of limb movement) [23] . Other solutions such as using movement velocities below detection threshold [37] would not be feasible in a clinical setting as they would result in an increased assessment duration.
Limitations of the study
One limitation of the present study is the lack of a sensitive clinical scale as a reference for proprioceptive function. Therefore, some participants with stroke did not present detectable proprioceptive deficits according to the updown test (as suggested by the high ceiling rate). On the other hand, participants with stroke with the inability to detect any large passive movement were excluded, as they would not be able to perform the robotic assessment. Both of these factors limit the severity range of deficits. As a consequence, the stroke group was more similar to the control group. These points negatively affected the concurrent validity analysis and hypothesis testing (e.g., when comparing participants with stroke to NIC subjects).
Age-matching is important, as proprioception declines with age [33, 35, 37, 40, 42, 48, 52, 53, 99, 105, 106] . By individually age-matching subjects instead of agematching on a group level, the statistical power could be increased by using paired tests comparing participants with stroke and NIC subjects. On the other hand, agematching on a group level allows increasing the sample size of the NIC group when creating normative models. The width of the CIs of the 95th percentiles of healthy performance show, however, that a future study would benefit from a larger sample size for better estimates of cutoff values. Thus, the number of participants with stroke suffering from deficits based on the present cutoff value are only indicative and should be interpreted with care.
The reliability analysis would also benefit from a larger sample size [107] . Nevertheless, this exploratory study already demonstrated good reliability when testing the impaired (contralesional) hand of participants with stroke. Based on this promising finding, a new cross-sectional study with a larger sample size can be conducted, including also left handed subjects.
Conclusion
The evaluation of psychometric and clinimetric properties in this exploratory study including participants with stroke and a group of neurologically intact subjects demonstrated good reliability, validity, and high feasibility of the proposed robot-assisted adaptive assessment of finger proprioception. While existing clinical scales that do not require any tools may be appropriate for some fast preliminary screening of neurological patients, this robotic assessment has the potential to sensitively and accurately quantify proprioceptive deficits. Together with its good usability and short administration time, which facilitate its integration into clinical routine, it becomes a powerful tool for more standardized assessments, for understanding the role of proprioceptive deficits in the functional recovery process, as well as for improving diagnostics, prognostics, monitoring, and planning of sensorimotor rehabilitation programs in patients after neurological injuries. 
